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Neuro-immune interface
Cytokines and related signaling molecules lead to profound regulatory changes in differentiated cell function, modulating immune functions, the stress response, energy metabolism, growth, and reproduction. A network of intracellular molecules that dampen or inhibit the effects of these pleiotropic factors provides a crucial counterbalance to cytokine signals. Recent studies have shown that negative feedback, initiated in the various target tissues by the cytokines themselves, is central to endocrine homeostasis. Cytokine-mediated adrenocorticotropin hormone (ACTH) and cortisol overproduction, for instance, is prevented by tightly regulated cytokine-induced intracellular negative control systems. Likewise, growth hormone (GH) signaling is abrogated by cytokine-induced proteins, providing an explanation for GH resistance and stunted growth observed in states of elevated cytokine activity, including inflammation, starvation, and chronic illness. This article explores the role of the signal suppressor SOCS-3 in inhibiting the actions of neuro-endocrine cytokines and hormones, while maintaining the plasticity of the ultimate neuroimmune endocrine responses.
SOCS proteins as inhibitors of the JAK-STAT cascade
The JAK-STAT cascade is an intracellular signaling pathway shared by a variety of cytokines, including gp130 cytokines (IL-6, IL-11, leukemia inhibitory factor [LIF] , oncostatin M [OSM], ciliary neurotrophic factor [CNTF] , cardiotropin-1 [CT-1], cardiotropin-like cytokine [CLC] ), as well as leptin, GH, and prolactin. Ligand binding to cytokine receptors, which themselves lack intrinsic kinase activity, activates receptor-associated Janus kinases (JAK's) by autophosphorylation and subsequent tyrosine phosphorylation of the receptor's cytoplasmic domain and of associated proteins termed STATs for signal transducers and activators of transcription. Tyrosine phosphorylation of STATs enables homo-or heterodimerization of various STAT proteins. The dimerized STAT complexes translocate to the nucleus, where they transactivate their target genes by binding to specific promoter elements (1, 2).
A family of proteins able to inhibit the JAK-STAT signaling cascade has synonymously been described as suppressor of cytokine signaling (SOCS) protein (3), JAK-binding protein (4) , and STAT-induced STAT inhibitor. The SOCS protein family (5) encompasses SOCS-1 (3, 4, 6), SOCS-2 (3), SOCS-3 (3), CIS (7), and SOCS-4 to SOCS-7 (5). While the role of the former four proteins is increasingly well understood, the roles of SOCS-4 to SOCS-7 remain poorly characterized. In vitro overexpression studies demonstrate that SOCS-1 and SOCS-3 exert similar effects and represent the most potent and broadly acting suppressors of cytokine signaling. These factors potently inhibit JAK-STAT signaling of several gp130 cytokines (see Arzt, this Perspective series, ref. 8; and refs. 3, 4, 9-12) , GH (13) (14) (15) , and prolactin (16) .
The common protein structure of SOCS proteins is a variable N-terminal region, a central SH2 domain, and a C-terminal domain, termed SOCS-box motif (5) . The central SH2 domain alone is not sufficient for inhibiting JAK-STAT signaling (4), as part of the N-terminal region, termed pre-SH2 domain/kinase inhibitory region, is also required (10, 17, 18) . The C-terminal SOCS-box interacts with elongin BC complex (19) , although the physiological significance of this interaction is still unclear. Some observations suggest that this interaction protects SOCS proteins from degradation in the ubiquitin-proteasome pathway, whereas others suggest that it actually directs these proteins to the ubiquitin-proteasome pathway and sets the stage for their degradation (19, 20) . Conversely, the significance of the proteasome in the turnover of these molecules is not in doubt. The halflives of SOCS-1 and SOCS-3 in COS-7 cells have been calculated to be as short as 1.5 hours (21), but incubation with proteasome inhibitors stabilizes them significantly (18, 19) . Therefore, the C-terminal SOCS-box also appears not to be essential for direct inhibitory interaction with JAK (10, 17) but might be required to control SOCS protein degradation and thus might modulate the intracellular level of the SOCS protein (18) .
SOCS-1 and SOCS-3 suppress JAK-STAT signaling by similar mechanisms. SOCS-1 associates with and inhibits JAK1 (4, 22) , JAK2 (4, 6, (15) (16) (17) , JAK3 (4, 22) , Tyk 2 (4), and Tec (6) . Following early autophosphorylation of Tyr1007 in the JH1 domain of JAK2 (4, 17) , SOCS-1 binds via its SH2 domain to the catalytic JH1 domain of JAK2 (4), thus inhibiting JH1 activity. SOCS-3 also coimmunoprecipitates with JAK2 (18, 23) and binds Tyr1007. SOCS-3 is distinguished from SOCS-1 by its lower affinity for JAK2 (16) . In addition to direct JAK interaction, SOCS-3's action is also mediated by binding to phosphorylated tyrosine residues in the intracellular domain of various receptors -Tyr759 of gp130 (24) , Tyr333 and Tyr338 of GH receptor (15) , or Tyr985 and Tyr1077 of the long receptor of leptin (25, 26) -which allows it to suppress receptor function directly as well as indirectly. Similarly, CIS has been demonstrated to exert its inhibitory role by binding to tyrosine residues of intracellular receptor domains (7) .
Despite in vitro overexpression data demonstrating similar suppressor activities for SOCS-1 and SOCS-3, these proteins are induced specifically by different cytokines and in different cell types, suggesting that they play different roles in vivo. Induction of SOCS expression by various cytokines is STAT-dependent, and indeed, the promoter regions of the cis (7, 27) , SOCS1, and SOCS3 genes (28) show functional STAT-binding elements. Cytokine-induced expression of SOCS-1 and SOCS-3 can be inhibited by STAT3 dominant negative mutants (28) , while gene expression of CIS can be inhibited by STAT5 dominant negative mutants (29) .
LIF, a modulator of hypothalamic-pituitary-adrenal axis function
LIF is a potent neuro-immunoendocrine modulator of pituitary corticotroph function in vivo and in vitro. Both alone and in additive or synergistic actions with CRH, LIF induces proopiomelanocortin (POMC) gene expression and ACTH secretion by cultured murine (30, 31) and human (32) corticotrophs. In these cells, LIF stimulates the JAK-STAT signaling cascade, causing phosphorylation of JAK2 (18), gp130 (33), STAT3 (31, 33, 34) , and STAT1 (31) . LIF-induced POMC gene expression is critically STAT3-dependent, as dominant negative STAT3 mutants significantly decrease LIF-induced POMC promoter activity and gene expression (34) .
Increase of POMC promoter activity following STAT3 activation is mediated by direct and indirect mechanisms (35) . The rat POMC promoter region contains two juxtaposed STAT3-binding elements (-399 -TTTACCTCCAAATGCCAGGAA--379), their sequences only distantly related to the classic STAT3 consensus DNA-binding sequence (TTCCA). While each of these elements can bind STAT3, both are required for highaffinity binding (35) . Mutation of the STAT3 DNAbinding sequence in this region reduces LIF-induced POMC promoter activity by half. In addition, STAT3 (either alone or in synergy with CRH) can stimulate POMC promoter activity indirectly by stimulating c-fos and JunB expression (35) , thus allowing the formation of the Fos/Jun heterodimer, AP-1 (36) . Interestingly, the genes for each of these transcription factors harbor STAT-binding elements in their promoters. In addition, binding of c-fos and JunB to an AP-1 site in the POMC exon 1 occurs in vitro and appears to participate in LIF-induced transactivation of POMC in vivo, since mutation or deletion of this site modestly reduces promoter activity in cultured corticotrophs (35) . To summarize, activation of the JAK-STAT cascade activates several genes in the corticotroph cell by direct binding of activated STAT3 to the respective promoter regions of POMC, Fos, and JunB. The transcription factors c-fos and JunB subsequently bind to the POMC promoter themselves. The direct and indirect mechanisms by which STATs induce POMC promoter activity constitute the molecular basis of the neuro-immunoendocrine regulation of corticotroph POMC expression by LIF and CRH (Figure 1) .
In vivo, systemic LIF administration induces pituitary POMC transcription and ACTH secretion either alone or in synergy with CRH (37, 38) . Hypothalamic and pituitary LIF expression is induced by systemic inflammatory stimuli such as LPS (39), IL-1β (40) , and CFA (41), as well as by local inflammatory stimuli, such as turpentine (41) . LIF knockout animals show a corresponding decrease in hypothalamic-pituitary-adrenal (HPA) axis response to stress induced by immobilization (38, 42) or systemic inflammation (41) . Conversely, pituitary-directed LIF overexpression in transgenic mice results in corticotroph hyperplasia and the usual sequelae of hypercortisonism, including obesity and failed dexamethasone suppression (43) . Thus, LIF is required for both appropriate corticotroph development and function.
SOCS-3 as a suppressor of STAT-dependent POMC expression
Corticotroph SOCS-3 coimmunoprecipitates with JAK2 (18) . Furthermore, the overexpression of SOCS-3 inhibits LIF-induced phosphorylation of JAK2 (18), gp130 (33) , and STAT3 (33) . The physiological importance of this interaction is suggested by the phenotype of corticotroph cells stably overexpressing wild-type SOCS-3, which show significant inhibition of LIFinduced POMC promoter activation, POMC transcription, and ACTH secretion (33) . Inhibition of LIFinduced STAT3 phosphorylation by SOCS-3 overexpression also blocks STAT3 protein binding to the bipartite STAT3-binding element in the POMC promoter (35) . Consistent with the in vitro analysis described above, corticotroph SOCS-3 overexpression also abrogates LIF-induced c-fos and JunB expression (35) . Thus, inhibition of LIF-induced STAT3 phosphorylation by SOCS-3 overexpression causes inhibition of corticotroph POMC promoter activity by direct negative regulation of STAT3 function, and indirectly by suppression of the STAT-dependent transcription factors c-fos and JunB (Figure 1) .
Murine corticotroph AtT-20 cells incubated with 0.1-10.0 ng/ml LIF exhibit rapid and potent stimulation of SOCS-3 mRNA expression, peaking at 30 minutes and persisting for as long as 8 hours (28, 33) . The related inhibitors SOCS-2 and CIS are not significantly induced under these circumstances. Interestingly, SOCS-3 mRNA is also induced, albeit at a lower magnitude, in corticotroph AtT-20 cells following incubation with IL-11 (28, 44) , IL-6 (28), or IL-1β (33) . Hence, in the corticotroph, the termination of signaling by multiple cytokines appears to depend on SOCS-3.
In vivo, the hypothalamus (33, 41, 45, 46) and pituitary (33, 41) of intact mice show very low basal expression of SOCS-3 mRNA but can induce SOCS-3 expression within 30-60 minutes following systemic administration of LIF or IL-1β (33), respectively. Similarly, systemic administration of LPS endotoxin rapidly induces hypothalamic SOCS-3 expression (46) . In other models of inflammation, subcutaneous injection of CFA or intramuscular administration of turpentine causes increased SOCS-3 mRNA pituitary expression, and to a lesser extent in the hypothalamus (41) . This response in part reflects the action of an important STAT1/STAT3-binding element located in the SOCS3 promoter (28) . Deletion or inactivating mutation of this binding element in the murine SOCS3 promoter almost completely abrogates promoter activity. Likewise, overexpression of dominant negative STAT3 mutants decreases LIF-induced SOCS3 promoter activity and gene expression (28) , confirming that LIF-induced SOCS-3 expression in the corticotroph cell is critically STAT3-dependent. On the other hand, since SOCS-3 is a potent inhibitor of LIF-induced JAK-STAT signaling, SOCS-3 negatively regulates its own cytokine-induced expression at the mRNA level by a short intracellular inhibitory feedback loop (Figures 1 and 2) .
Corticotroph SOCS-3 gene expression is also induced by cAMP analogues, such as pituitary adenylate cyclase-activating polypeptide (PACAP), CRH, or epinephrine, which can act either alone or cooperatively with LIF (47). These effects on corticotroph SOCS-3 expression are protein kinase A-dependent (PKA-dependent), as overexpression of a dominant negative PKA isoform inhibits cAMP-mediated SOCS promoter activation (47) . Following stimulation of AtT-20 cells with dibutyryl-cAMP, c-fos and JunB bind specifically to the AP-1 site in the SOCS3 promoter (47) . Mutation of this AP-1 site inhibits dibutyrylcAMP-mediated SOCS3 promoter activation by approximately 40%, consistent with evidence that dibutyryl-cAMP's effects on the SOCS3 promoter are mediated by several other elements in addition to the AP-1 site (47) . As shown in Figure 2 , corticotroph SOCS-3 protein expression is rapidly regulated and short-lived. LIF-induced SOCS-3 protein expression occurs as early as 20 minutes, peaking after 40-60 minutes, and disappearing at 90 minutes. Preincubation of AtT-20 cells with the proteasome inhibitor LLnL resulted in LIF-induced SOCS-3 protein remaining detectable for as long as 180 minutes (18) .
Deletion analysis of SOCS-3 has shed some light on the mechanism by which this protein suppresses JAKmediated LIF signaling. A truncated recombinant form of SOCS-3 containing the pre-SH2 domain, the SH2 domain, and the SOCS-box motif inhibits LIF-induced POMC promoter activity. In contrast, constructs in which the SOCS-box motif or the pre-SH2 domain deletions are deleted are inactive (18) . These results are consistent with other studies, demonstrating the essential roles of pre-SH2 and SH2 domains of SOCS-3 and SOCS-1, respectively, for suppression of the JAK-STAT cascade. The SOCS-box motif alone is sufficient to inhibit corticotroph LIF signaling by SOCS-3 (18) . However, the requirement for the SOCS-box and other motifs for the suppressive action of SOCS proteins is controversial (19, 20) and requires further investigation.
SOCS-3 as a negative regulator of leptin signaling SOCS-3 is a candidate leptin resistance factor. Overexpression of SOCS-3 results in inhibition of leptininduced tyrosine phosphorylation of JAK2 (23) . Mutational analysis shows that Tyr985, which is essential for recruitment of SHP-2 (48) and SOCS-3 (25, 26) to the intracellular domain of the long leptin receptor isoform, is not required for STAT3 signaling. Binding of SOCS-3 to this site is nevertheless required for the inhibition of leptin signaling (25) , at least when SOCS-3 is present at normal levels; higher, possibly supraphysiological concentrations of SOCS-3 may also inhibit leptin signaling by direct association with JAK2 (23, 25) . In vitro incubation with leptin induces expression of SOCS-3 but not SOCS-1, SOCS-2, or CIS (23) .
Following systemic leptin administration, leptin-deficient ob/ob mice (23) as well as Wistar rats show an increase in hypothalamic SOCS-3 expression. Several other in vivo findings suggest that SOCS-3 reduces leptin sensitivity. Hypothalamic SOCS-3 expression is increased in the lethal yellow (Ay/a) mouse, which is subject to both hyperleptinemia and leptin resistance (45) . Hypothalamic SOCS-3 expression also increased in 18-month-old versus 2-month-old rats, the former exhibiting relative leptin resistance (49) .
SOCS-3 as a negative regulator of GH signaling
GH rapidly and potently induces hepatic SOCS-3 expression (13, 50) , suggesting that signaling by this factor, too, may be terminated by SOCS-3, and raising the possibility that heightened expression of this regulator could lead to the GH resistance seen in chronic illness or inflammatory states. Induction of hepatic SOCS-1 following GH is weak (13) or undetectable (50); CIS and SOCS-2 are induced in the liver, although with much slower kinetics than SOCS-3 (13, 50) .
Overexpression of SOCS-3 and SOCS-1 (but not of CIS or SOCS-2; refs. 13-16, 51) strongly inhibits GH (13) (14) (15) and prolactin (16) signaling. Interestingly, high SOCS-2 expression has been reported to superinduce GH signaling (13, 14) . SOCS-1-inhibited GH and prolactin signaling is restored in a concentrationdependent manner by SOCS-2 coexpression (14, 16) . The same phenomenon is not observed during coexpression of SOCS-3 and SOCS-2 (14, 16) . Thus, the rapidly induced SOCS-3 and SOCS-1 genes might switch off GH signaling, which could then be restored by later induction of SOCS-2, which partially antagonizes SOCS-1 action.
Bacterial endotoxin and IL-1β induce hepatic SOCS-3 gene expression (52, 53) and inhibit GH signaling. GH resistance, characteristic of several inflammatory states, could thus be mediated by hepatic SOCS-3 expression, induced by endotoxin and various inflammatory cytokines, e.g., IL-6, IL-1β, and TNF-α (52, 53) . SOCS-3 subsequently mediates GH resistance by inhibition of intracellular GH signaling. The stunted growth observed in children with chronic illness is likely caused by GH resistance mediated by cytokine-induced intracellular inhibition of GH action. Summary SOCS-3 is a potent inhibitor of the JAK-STAT signaling cascade, negatively regulating signal transduction of a variety of cytokines, including gp130 cytokines, leptin, and GH.
Several gp130 cytokines are neuro-immune modulators of HPA axis function. LIF action on corticotroph cell function is well characterized and has been demonstrated to be important for the HPA axis response. LIF upregulates POMC gene expression as well as SOCS-3 gene expression by STAT-dependent mechanisms. Following LIF stimulation, corticotroph SOCS-3 expression is rapidly upregulated. Cellular SOCS-3 expression is tightly controlled by negative autoregulation of its own STAT-dependent promoter activity as well as short protein half-life enabling rapid "on" and "off" mechanisms, subserving corticotroph plasticity toward various neuro-immune stimuli. SOCS-3 also contributes to central leptin resistance and hepatic GH resistance. Thus, SOCS-3 plays a critical role in integrating the neuro-immunoendocrine interface in the HPA axis as well as other neuro-immunoendocrine circuits.
